Expansions of simple sequence repeats, or microsatellites, have been linked to ∼30 neurological-neuromuscular diseases. While these expansions occur in coding and noncoding regions, microsatellite sequence and repeat length diversity is more prominent in introns with eight different trinucleotide to hexanucleotide repeats, causing hereditary diseases such as myotonic dystrophy type 2 (DM2), Fuchs endothelial corneal dystrophy (FECD), and C9orf72 amyotrophic lateral sclerosis and frontotemporal dementia (C9-ALS/FTD). Here, we test the hypothesis that these GC-rich intronic microsatellite expansions selectively trigger host intron retention (IR). Using DM2, FECD, and C9-ALS/FTD as examples, we demonstrate that retention is readily detectable in affected tissues and peripheral blood lymphocytes and conclude that IR screening constitutes a rapid and inexpensive biomarker for intronic repeat expansion disease.
Expansions of simple sequence repeats, or microsatellites, have been linked to ∼30 neurological-neuromuscular diseases. While these expansions occur in coding and noncoding regions, microsatellite sequence and repeat length diversity is more prominent in introns with eight different trinucleotide to hexanucleotide repeats, causing hereditary diseases such as myotonic dystrophy type 2 (DM2), Fuchs endothelial corneal dystrophy (FECD), and C9orf72 amyotrophic lateral sclerosis and frontotemporal dementia (C9-ALS/FTD). Here, we test the hypothesis that these GC-rich intronic microsatellite expansions selectively trigger host intron retention (IR). Using DM2, FECD, and C9-ALS/FTD as examples, we demonstrate that retention is readily detectable in affected tissues and peripheral blood lymphocytes and conclude that IR screening constitutes a rapid and inexpensive biomarker for intronic repeat expansion disease.
amyotrophic lateral sclerosis | intron retention | microsatellite | myotonic dystrophy | RNA splicing R epetitive elements are a common sequence feature of eukaryotic genomic DNAs and comprise as much as ∼70% of the human genome (1, 2) . These repetitive sequences include transposable element families (DNA transposons and LTR and non-LTR retrotransposons) and simple sequence repeats, such as telomeric repeats and a variety of satellites (centromeric, micro, mini, and mega). Microsatellites, which are repeating units of ≤10 base pairs (bp), are a particularly prominent repetitive element class because they are highly polymorphic due to their tendency to form imperfect hairpins, slipped-stranded, quadruplex-like, and other structures resulting in elevated levels of DNA replication and repair errors (3, 4) . While these errors result in both repeat contractions and expansions that may provide beneficial gene regulatory activities, expansions cause ∼30 human hereditary diseases (5, 6) . Although human introns are significantly longer and denser in repetitive elements compared with exons (7), only eight microsatellite expansion disorders have been linked to intron repeat instability.
In this study, we examined the pathomolecular consequences of both GC-and A/AT-rich intronic microsatellite mutations associated with myotonic dystrophy type 2 (DM2), C9orf72-linked amyotrophic lateral sclerosis with frontotemporal dementia (C9-ALS/FTD), Fuchs endothelial corneal dystrophy (FECD), Friedreich's ataxia (FRDA), and spinocerebellar ataxia type 10 (SCA10). We demonstrate the GC-rich CCTG, GGGGCC, and CTG expansions lead to host intron retention (IR) in DM2, C9-ALS/ FTD, and FECD, respectively, while A/AT-rich expansions in FRDA and SCA10 do not. Based on these and additional observations, we propose IR as an accessible and inexpensive biomarker for both diagnostic and therapeutic trial purposes.
Results

Sequence Diversity and Positional Bias of Intronic Microsatellite
Expansions. The human genome contains ∼80,000 3-to 6-bp microsatellites in introns that could potentially undergo expansion, but only 8 tandem repeats have been documented to expand in hereditary disease ( Fig. S1 and Dataset S1). While GC-rich trinucleotide expansions (exp) predominate in exonic regions, intron mutations are composed of 3-to 6-bp repeats that vary considerably in GC content (20-100%) (6, 8) . Based on this sequence feature, we divided intronic expansions into GC-and A/AT-rich groups (Fig. 1A) . In contrast to the majority of A/AU-rich microsatellite RNAs, GC-rich expansions are predicted to form highly stable RNA secondary structures ( Fig.  S2 ) (9) , increase intron length substantially (Fig. 1B) , and even multiply intron length several times, such as the SCA36-associated GGCCTG exp mutation in NOP56 (Fig. S3A ). SCA10 AUUCU repeats also fold into secondary structures consisting of UCU internal loops closed by AU pairs, but these structures are relatively unstable compared with the hairpins and G-quadruplexes formed by comparable-length GC-rich repeats (10, 11) .
Significance
A number of hereditary neurological and neuromuscular diseases are caused by the abnormal expansion of short tandem repeats, or microsatellites, resulting in the expression of repeat expansion RNAs and proteins with pathological properties. Although these microsatellite expansions may occur in either the coding or noncoding regions of the genome, trinucleotide CNG repeats predominate in exonic coding and untranslated regions while intron mutations vary from trinucleotide to hexanucleotide GC-rich, and A/AT-rich, repeats. Here, we use transcriptome analysis combined with complementary experimental approaches to demonstrate that GC-rich intronic expansions are selectively associated with host intron retention. Since these intron retention events are detectable in both affected tissues and peripheral blood, they provide a sensitive and disease-specific diagnostic biomarker.
To identify features that distinguish pathogenic intronic microsatellites from unexpanded repetitive elements, we mapped the locations of repeats in introns and noted a positional bias for disease-relevant microsatellites toward splice sites (ss) with GCrich microsatellites localized within 0.07-0.8 kb of splice sites, while A/AT-rich repeats were positioned 1.3-75.9 kb, often in downstream introns (Fig. 1A and Fig. S3 A-D) . Because RNA structures and microsatellites are both known to influence splicing regulation (12) (13) (14) , these observations led us to speculate that the GC-rich intronic microsatellite expansions alter RNA structures and/or transacting factor accessibility, resulting in impairment of spliceosome recruitment (Fig. S3C ). Therefore, we tested if GCrich microsatellite expansions caused misprocessing of host introns in affected brain and muscle tissues, as well as more accessible cells and tissues, including fibroblasts and blood.
CNBP Intron 1 Retention in DM2. To test our hypothesis that GCrich expansions disrupt splicing of their host introns, we first selected the DM2 CCTG exp mutation since it is the largest microsatellite expansion reported to date (Fig. S3A) . CNBP is also the most widely and highly expressed intronic expansion disease gene, increasing our ability to confidently measure its RNA processing pattern in a variety of tissues (Fig. S3E) . While the CCTG exp is located in a large 12-kb intron (i), CNBP i1, it is only ∼0.8 kb upstream of the 3′ss (Figs. S1 and S3 A and B). Furthermore, the effect of the CCTG exp on CNBP expression is currently controversial, with some studies reporting no effect, and other studies a decrease, in CNBP RNA and protein levels in DM2 cells and tissues (15) (16) (17) .
To detect potential CNBP pre-mRNA misprocessing, we queried publicly available strand-specific RNA-sequencing (RNA-seq) datasets obtained from DM2, the related disease DM1, Duchenne muscular dystrophy (DMD), and unaffected skeletal and cardiac muscle (18) . As predicted, read coverage across CNBP i1 was observed in the variety of DM2 muscles, but not in control samples ( Fig. 2A) . For all RNA-seq experiments, we calculated three distinct metrics: (i) relative enrichment in reads spanning intron-exon junctions; (ii) average per base pair read coverage across the retained intron; and (iii) the fraction of introncontaining molecules (IR ratio) for all four CNBP introns using IRFinder (19, 20) . As expected, IR was exclusively elevated for DM2 CNBP i1 with an IR ratio of ∼0.35, while splicing of introns 2, 3, and 4 was unaffected ( Fig. 2B and Fig. S4 A-C). To confirm CNBP i1 retention using additional patient samples and an alternative experimental approach, we analyzed microarray datasets obtained from DM2, DM1, facioscapulohumeral muscular dystrophy (FSHD), and unaffected control muscle biopsies (21, 22) and observed statistically significant and specific CNBP i1 retention in DM2 compared with this large control cohort (Fig. 2C ). This analysis of other muscular dystrophies increased our confidence that CNBP i1 retention was DM2-specific rather than reflecting a general myopathic feature (23) . Since bidirectional transcription of CNBP i1 occurs (24), we quantified strand-specific RNA-seq read coverage to confirm that our analysis was not confounded by antisense transcription and found >99.9% of reads originated from sense molecules in muscles (Fig. S4D) .
CNBP i1 retention was validated by using RT-PCR from biopsied skeletal muscle (tibialis anterior; TA) since RNA degradation is minimized in these samples. IR detection from the 3′ ss allowed selective amplification of the retained intron from premRNA intermediates and simultaneous analysis of introns 1, 2, and 3 ( Fig. 2D ). In agreement with whole transcriptomic data, we also detected selective, and up to a sixfold increase in, CNBP i1 retention in DM2 biopsied skeletal muscle ( Next, we tested if CNBP i1 is developmentally regulated in unaffected organs and excluded this possibility by RT-PCR in human fetal and adult tissues ( Fig. S4F ) and using an in silico model of muscle development ( Fig. S4G) (25) . Then, we addressed the question of whether CNBP i1 was a retained or detained intron, since the latter is incompletely spliced RNA that is not exported into the cytoplasm (26) . The subcellular localization of CCUG exp RNA was detected by RNA-FISH in patientderived fibroblasts by using a repeat-specific probe, and, although the level of mutant RNA in foci was higher in the nucleus, CCUG exp RNA was also readily detectable in the cytoplasm of DM2, but not control, cells ( Fig. 2H and Fig. S4 H-J). This in situ analysis was confirmed by subcellular fractionation of control and DM2 fibroblasts followed by RT-PCR. Using 3′ss and 5′ss RT-PCR assays, the CNBP i1-containing mRNAs were clearly evident in the cytoplasm of DM2 unlike the controls (Fig. 2I ). The increased level of i1 inclusive RNA expression in the cytoplasm was also confirmed by RT-PCR with three different primer sets localized in i1 proximal and distal to the 5′ss, as well as just upstream of the CCUG exp ( Fig. S4K ). Finally, we determined if CNBP i1 retention resulted in introduction of a premature termination codon (PTC) and nonsense-mediated decay (NMD) by treating cells with G418 to induce PTC read-through (27) . For DM2 fibroblasts, G418 significantly increased the IR ratio, indicating that NMD reduced cytoplasmic levels of CNBP i1-containing mRNA (Fig. S4L) . Therefore, multiple experimental approaches and patient samples confirmed selective retention of CNBP i1 in DM2 tissues and cells and that CCUG expansions were associated with IR both in vivo and in cell cultures.
Host Intron Retention as an Accessible Biomarker. To test CNBP i1 retention as a potential blood biomarker, peripheral blood lymphocytes (PBLs) were isolated from DM2 patient blood together with disease (DM1 and ALS) and unaffected controls. In agreement with our findings in other tissues, retention of CNBP i1 was enhanced in DM2 PBLs compared with controls, while splicing of introns 2, 3, and 4 in DM2 was unimpaired, and all CNBP introns in the ALS samples were spliced ( Fig. 3 A and B and Fig. S5A ). As observed in muscle, these reads primarily originated from the sense strand (Fig. S5B) analysis was performed on DM2 patient PBLs, which were categorized as either carrying no (control, DM1), small (100-400 CCTGs; some of these patients were presymptomatic), or large (>1,000 CCTGs) CNBP expansions (Fig. 3C) . RT-PCR analyses of DM2, DM1, and ALS PBLs demonstrated that CNBP i1 retention was dependent on repeat length ( Fig. 3D ) with a fourfold increase in i1 retention between DM2 PBLs with large expansions versus unaffected and disease (DM1 and ALS) controls ( Fig. 3E and Fig.  S5 C and D) . Interestingly, PBLs with predominantly small expansions also showed a twofold increase in CNBP i1 retention versus controls, although these populations also displayed length mosaicism with larger expansions detectable at a reduced level. To examine if intron retention is restricted to the mutant CNBP allele, we took advantage of a DM2-linked A>C (rs1871922) CNBP i1 SNP previously linked to the mutant DM2 allele (16, 28) . Using CNBP i1 5′ss assay primers, we amplified both genomic DNA (gDNA) and cDNA from DM2 PBLs and fibroblasts, and Sanger sequencing revealed overrepresentation of the DM2-linked SNP in cDNA compared with gDNA, indicating preferential i1 inclusion in mutant CNBP RNA (Fig. 3F) . Because DM2 is a dominant disease and the CNBP i1 retention signal was diluted by transcripts originating from the unexpanded allele, we also confirmed that CNBP i1 retention was twofold higher in homozygous versus heterozygous DM2 patient fibroblasts ( Fig. 3G and Fig. S5 Wiggle plots represent DM2 skeletal muscles (gastrocnemius, pectoral, and quadriceps) and heart RNA-seq data with disease control skeletal muscle (DM1 deltoid, digitorum, gastrocnemius, and rectus; DMD biceps, quadriceps, and TA) and unaffected control heart and triceps. (B) CNBP IR ratios calculated by IRFinder. Only samples with a transcript integrity number >75% were analyzed (Fig. S4A) . Bar graph shows mean ± SD for RNAseq data from 3 DM2, 74 DM1, 4 DMD, and 19 control (Ctrl.) skeletal or cardiac muscles. (C) Human microarray analysis of the fold change of the four CNBP introns relative to the absolute exon signal for seven DM2, eight FSHD, and eight unaffected control vastus lateralis biopsy, and eight DM1 autopsy, muscles. For B and C, one-way ANOVA with Dunnett's multiple comparison test: *P < 0.0332; ****P < 0.0001. (D) Schematic of the CNBP i1 5′ss (3-primers) and 3′ss (2-primers) RT-PCR assay. The IR ratio reflects the relative amount of the isoform with only retained i1 relative to other PCR products. (E) RT-PCR analysis of CNBP i1 retention for age-matched biopsied DM2 (n = 4) and unaffected control (n = 4) TA muscles. (F) Isoform ratio calculated based on CNBP i1 5′ss and 3′ss RT-PCR assays. (G) CNBP i1 5′ss and 3′ss analysis of DM2 (n = 18), DM1 (n = 14), and ALS (n = 11) LCLs. Bar graph shows mean ± SD for CNBP i1 retention ratio. For F and G, one-way ANOVA with Dunnett's multiple comparison test: **P < 0.0068; ***P < 0.0005; ****P < 0.0001. (H) RNA-FISH for CCUG exp detection in DM2 fibroblasts using a repeat-specific probe, CAGG 8 -Cy3. Nuclei are outlined based on DAPI staining (Fig. S4H) . (I) Subcellular fractionation of DM2 fibroblasts confirms the presence of CNBP i1 mRNA in the cytoplasm. DM2 and control fibroblast nuclear and cytoplasmic fractions were analyzed by CNBP i1 5′ss and 3′ss RT-PCR analysis. CNBP and NEAT1 are fractionation controls.
played a direct role in retention. Thus, we tested whether CCUG repeats induced IR in vivo using a splicing reporter consisting of a modified mouse Uba52 gene with 6 (control length), 140, or 280 (mutant lengths) CCTG uninterrupted repeats inserted in i2 (Fig. 3H) . This reporter was selected because Uba52 is widely expressed, and our studies have indicated that overexpression of this reporter is well tolerated. Plasmids with varying CCTG repeat lengths were electroporated into TA muscles of anesthetized mice, RNAs were isolated 1 wk after electroporation, and Uba52 i2 retention was assessed. In these samples, i2 retention showed a significant increase with CCTG repeat length, indicating that insertion of a CCTG exp downstream of a 5′ss is sufficient to drive IR (Fig. 3I) . Together, these data support the possibility that CCUG expansions induce IR.
Intron Missplicing in GC-Rich, but Not A/AT-Rich, Microsatellite Expansion Diseases. To test if GC-rich, but not A/AT-rich, microsatellite expansions result in selective IR, we compared IR between two additional GC-and A/AT-rich microsatellite expansion diseases. FECD is caused by a CTG exp in TCF4 i3, but in contrast to DM2 CCTG exp , this mutation is located in the middle of the intron and the CTG exp is considerably smaller (<1.7 kb) (Fig. S1 ). To detect potential TCF4 i3 retention, we queried publicly available RNA-seq datasets obtained from FECD and control corneal endothelium samples (29, 30) . Similar to DM2 CNBP i1, we observed an increase in TCF4 i3 read coverage in FECD, but not in unaffected controls (Fig. 4A) , with a mean IR ratio of ∼0.18 (Fig.  S6A) . The FECD read distribution across TCF4 i3 was biased toward the 5′ end and complicated by the presence of an alternative first exon (AFE) with multiple 5′ss in this region (Fig. 4A) . Therefore, to confirm retention, we analyzed relative enrichment in reads supporting coverage between i3 and flanking exons and average per-nucleotide read coverage across TCF4 i3 (Fig. S6 B and  C) . As expected, both metrics were enriched in FECD samples. Although sense and antisense reads could not be discriminated in FECD RNA-seq datasets, we tested whether antisense transcription occurred at this locus by strand-specific cap analysis of gene expression (CAGE)-seq (31) and found that sense, but not antisense, transcription start sites were detectable (Fig. S6D) . Analysis of the other strand-specific RNA-seq datasets used in this study also failed to detect antisense transcription across this region.
Next, we tested IR in C9-ALS/FTD, where the GGGGCC exp mutation is located in C9orf72 i1 between AFEs 1a and 1b (Fig.  S1) . Expansion of the GC-rich repeat alters the activity of promoters upstream of exons 1a and 1b, although transcription from the latter is more severely compromised (32) . To determine if this type of expansion mutation also resulted in IR in brain and blood, we assessed C9orf72 i1 retention using RNA-seq strand-specific datasets from C9-ALS/FTD and control samples (33) . In agreement with prior results from cell lines (34), we observed increased RNA-seq read coverage across C9orf72 i1 in C9-ALS/FTD cortex and cerebellum, but not in sporadic (s)ALS and unaffected control, brain samples, although similar to FECD, the read distribution was biased toward the 5′ end of this intron (Fig. 4B) . Since IR was previously noted in LCLs (34) and C9orf72 expression is particularly high in myeloid cells (35), we also analyzed RNA-seq for C9-ALS/FTD, sALS (GGGGCC exp negative), and DM2 PBLs (Fig. S7 A and B) . Similar to the brain samples, high read coverage across ∼2.5 kb downstream of C9orf72 e1b was observed in PBLs, suggesting the existence of an unannotated AFE and/or alternative e1b 5′ss (Fig. 4B ). In agreement with this possibility, splice junction reads were obtained between C9orf72 i1 and e2, and previously unannotated junctions were validated by RT-PCR and Sanger sequencing by using PBL, LCL, and cortex samples (Fig.  S7 C and D) . To test if a novel AFE existed, we analyzed C9orf72 sense-strand CAGE-seq data and identified reads supporting the existence of a novel exon, which we named e1c, and our analysis was confirmed by FANTOM5 consortium annotated transcripts (Fig. S7C) . To determine if e1c expression was altered in C9-ALS/ FTD brain, we used C9-37 and -500 BAC transgenic mouse models for C9-ALS/FTD which express either 37 or 500 GGGGCC repeats, respectively (36) . Using human-specific C9orf72 e1c-e2 primers, we detected an elevated signal for C9-500 compared with C9-37 ( (Fig. S5) . Two-tailed t test: **P = 0.0018. (C) Southern blot analysis of genomic DNA derived from DM2 patient PBLs with small (100-400 CCTGs) and large (≥1,000 CCTGs) expansions with DM1 disease and unaffected controls (Ctrl.). (D) CNBP i1 3′ss RT-PCR analysis of PBLs from DM2 patients with large (n = 5) and small (n = 4) CCTG expansions, DM1 (n = 2), ALS (n = 9), and unaffected controls (n = 2). (E) Bar graph shows mean ± SD for CNBP i1 retention ratio. One-way ANOVA with Tukey's multiple comparison test: *P = 0.0135; **P = 0.0055; ***P < 0.0008; ****P < 0.0001. (F) CNBP i1 retained mRNA is specific for the mutant allele. Sanger sequencing trace of gDNA vs. cDNA indicated the DM2-specific SNP predominates in the mRNA/cDNA population. (G) CNBP i1 3′ss analysis of heterozygous and homozygous DM2 and control fibroblasts. Two-tailed t test: ***P = 0.0007; ****P < 0.0001; three technical replicas. (H) Mouse Uba52 construct with 6, 140, or 280 CCTG repeats inserted downstream of the exon 2 5′ss. (I) Mouse TA muscles were electroporated with constructs (n = 4 each), and Uba52 i2 retention was assessed 1 wk later by RT-PCR. Bar graph shows mean ± SD represents Uba52 i2 retention ratio. One-way ANOVA with Tukey's multiple comparison test: ***P < 0.0002; ****P < 0.0001. S7E), which indicated the presence of GGGGCC exp DNA, possibly due to increased transcription initiation at e1c.
Next, to quantify C9orf72 i1 retention in PBLs, we computed read coverage in the intron downstream of e1c (Fig. S7F ). Due to e1a and e1b low expression and/or dysregulation (Fig. S7 G-I) , we quantified relative i1-e2 read junction coverage only (Fig. S7J) . As for our previous analyses, antisense C9orf72 transcripts did not obscure our findings in PBL samples (Fig. S7K) . Since detection of C9orf72 i1 retention in human tissues was challenging by RT-PCR (34) and is subject to signal dilution due to the presence of transcripts originating from unexpanded alleles, we used human-specific C9orf72 i1 3′ss primers and confirmed elevated C9orf72 i1 retention for C9-500 compared with C9-37 transgenic models (Fig. S7 L-O) .
In addition to the GC-rich DM2, FECD, and C9-ALS/FTD mutations, we also examined two A/AT-rich expansions, the FRDA GAA exp in FXN i1 and the SCA10 ATTCT exp in ATXN10 i9. Although the FRDA GAA exp mutation reduces transcription of the mutant FXN allele, a previous study reported that GAA exp induced intron missplicing in hybrid and FXN minigene splicing reporter assays (37) . However, we failed to detect IR for FXN i1 in FRDA fibroblasts and LCLs (Fig. 4C and Fig. S8 A and B) . Moreover, IR was not detected for the ATXN10 AUUCU exp i9 mutation in either SCA10 cerebellum or fibroblasts ( Fig. 4D and Fig. S8C ). Overall, we concluded that repeat-induced host intron misprocessing is a general feature of GC-rich, but not A/AT-rich, microsatellite expansion diseases.
Discussion
Intron retention during RNA processing, with potential effects on nuclear retention, nucleocytoplasmic transport, and cytoplasmic turnover, is a conserved regulatory mechanism that impacts a wide range of cellular events, including tissue development, neuronal activity-dependent gene expression, and tumor suppressor inactivation (38) (39) (40) . In this study, we demonstrate that diseaseassociated GC-rich intronic microsatellite expansions induce IR in a variety of affected patient cells and tissues, and these retention events are not developmentally regulated. Interestingly, IR does not occur in A/AT-rich intronic expansion diseases, where the mutation is located more distally from the nearest splice site, including FRDA (41) and SCA10 (42) . These results are consistent with our hypothesis that GC-rich microsatellite expansions exert an inhibitory effect on splicing by altering RNA structure and/or access of splicing factors to intronic regulatory regions. We also show that these IR events can be readily assayed by RT-PCR assays using peripheral blood, greatly increasing the scope and RNA quality of samples available for analysis. Using DM2 as a model, we show that CNBP i1 retention occurs even with expansion sizes in the low pathogenic range, which suggests that this assay may be informative for presymptomatic patients.
Our results of CNBP i1 retention appear to contradict some earlier studies, based on RNA-FISH and protein analyses that CNBP pre-mRNA splicing and protein levels are unaffected in DM2 tissues and cell lines (17, 43) , although other reports have concluded that CNBP levels are reduced in DM2 (15, 16) . In contrast to this study, these earlier reports did not directly examine CNBP i1 retention in affected tissues. Nevertheless, our results clearly demonstrate that CNBP i1 retention occurs in DM2 tissues and blood cells. Since CCUG exp RNA foci are a distinguishing feature of DM2 cells, it is likely that only a portion of CNBP pre-mRNAs are aberrantly spliced although the level of misspliced CNBP transcripts is sufficiently high to allow RT-PCR-based detection of i1 retention in blood.
RNA misprocessing has been reported for a number of microsatellite expansion diseases. In DM1 and DM2, the expression of C(C)UG exp RNAs results in foci formation and sequestration of the MBNL family of alternative splicing factors and expression of developmentally inappropriate isoforms for a wide variety of genes (44) . In contrast, the Huntington disease CAG exp mutation is associated with HTT i1 misprocessing and cryptic polyadenylation site use (45) . For FRDA, the FXN GAA exp mutation causes gene silencing, possibly due to impairment of transcriptional elongation (46, 47) . While FXN i1 missplicing has been documented for a FXN minigene splicing reporter (37) , another group failed to detect misspliced FXN RNAs in FRDA patientderived fibroblasts and LCLs (47) , in agreement with the results of this study. Moreover, our findings have implications for DM2 pathogenesis. IR is a characteristic feature of DM2, and the export of CNBP mRNAs with a selectively retained i1 could facilitate RAN translation of CCUG repeats in the cytoplasm. Indeed, we have recently shown that RAN translation occurs in DM2 (24) .
Conventional genetic strategies to map hereditary microsatellite expansion mutations are both time-and labor-intensive and are confounded by penetrance, expressivity, and pedigree ascertainment issues. Given the prevalence of RNA misprocessing in transcripts harboring expanded intronic microsatellites, we speculate that unbiased screening of patient samples with unknown disease etiologies will uncover additional expansions in novel disease-associated genes. The transcriptomic approach that we have developed using DM2 as a model could be used to screen a large cohort of blood samples from patients affected with neurological diseases for specific RNA misprocessing events followed by Southern blot analysis and DNA sequencing to identify novel microsatellite expansion mutations.
Materials and Methods
Patient muscle (autopsy and biopsy), brain (autopsy), and blood samples (DM1, DM2, ALS, and SCA10) were collected following written informed consent as approved by the Universities of Florida and Rochester Institutional Review Boards. PBLs were isolated from the buffy coat of freshly collected whole blood, and red blood cells were preferentially lysed and removed by using the RBC Lysis Buffer (Roche). PBLs were centrifuged, washed once with PBS, and used for either gDNA isolation (Flexigene kit; Qiagen), LCL generation, or total RNA isolation (TRIzol; Thermo Fisher Scientific) per the manufacturer's protocols. All procedures were approved by the Institutional Animal Care and Use Committee (University of Rochester). Additional materials and methods details are described in SI Materials and Methods.
